Two 2-hydroxy-6-oxohepta-2,4-dienoate (HOD) hydrolases have been purified to homogeneity from Alcaligenes ewtrophus ATCC 17707. One, HODHII, is encoded by the TOL-like plasmid, pRA1000, and the other, HODHI, is chromosomally-encoded. HODHI and HODHII have an M , of 104 x lo3 and 116 x lo3, respectively, and both are dissociated by SDS into three subunits of equal size which are not linked by disulphide bonds. Both hydrolases are active against a similar range of substrates formed by the action of catechol2,3-oxygenases, generally being more active against substrates formed from 3-alkyl-rather than 4-alkyl-substituted catechols. HODHI and HODHII had similar K,,, values for HOD, but HODHI had a significantly lower K , value for, and a higher activity against, 2-hydoxymuconic semialdehyde than HODHII. It was shown by immunodiffusion studies that the two hydrolases were immunologically distinct and that HODHI had no common antigenic determinants with HOD hydrolases from the Pseudomonas putida strains NCIB 9865, NCIB 10015 and mt-2; HODHII gave a line of identity with antiserum to the hydrolase from P. putida NCIB 9865. A comparison of the physico-chemical properties of HODHI and HODHII with the same properties of the HOD hydrolases from the three P. putida strains demonstrated several similarities between the five HOD hydrolases which have been purified.
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I N T R O D U C T I O N
In our studies on the degradation of m-toluate and phenol by Alcaligenes eutrophus strain 345 (ATCC 17707) via meta-cleavage pathways, we reported that the 2-hydroxymuconic semialdehyde hydrolase, HMSHII, elicited during growth on m-toluate, had different substrate specificities from the corresponding enzyme, HMSHI, when the growth substrate was phenol (Hughes et al., 1984b) . We also reported that HMSHII was encoded on an 85 kb plasmid, pRA 1000, whereas HMSHI was chromosomally-encoded.
Bayly & DiBerardino (1 978) reported the purification and properties of hydrolases carrying out the same functions as HMSHI and 11, from two different isolates of Pseudomonasputida biotype A, and more recently, Duggleby & Williams (1986) have reported the isolation and characterization of a plasmid-encoded hydrolase from P . putida mt-2, which carries the 117 kb TOL plasmid, pWW0. We now report the purification of HMSHI and HMSHII and present a comparison of some of their properties with those of the isofunctional hydrolases previously reported. For the reasons given by Duggleby & Williams (1986) , viz. that 'the physiologically most important substrate' for such hydrolases is 2-hydroxy-6-oxohepta-2,4-dienoate (HOD), we shall refer to the hydrolases HMSHI and HMSHII as HODHI and HODHII, respectively.
R . C . B A Y L Y A N D O T H E R S M E T H O D S
Organisms, method of cultivation and preparation of cell extracts. A . eutrophus strain 345 (ATCC 17707) was obtained from P. J. Chapman, University of Minnesota, and was maintained as described by Hughes et al. (1984~) ; some of its metabolic properties have been described (Hughes et al., 1984a, 6) . To obtain cells from which HODHII was to be purified, strain 345 was grown in the presence of m-toluate. For the purification of HODHI, a derivative of strain 345,RA1012, which had been cured of the plasmid pRAlOOO (Hughes et al., 1984~) was grown in the presence of phenol. Cells were grown and cell extracts were prepared as described previously (Bayly & DiBerardino, 1978) , except that DL-lactate (20 mM) replaced fumarate as the basal carbon source. The concentration of protein in cell extracts and fractions was determined by the method of Lowry.
Physicochemical and immunological examination ofpurijied hydrolasepreparations. M, values of the native enzymes were determined from sedimentation equilibrium data essentially as described by Yphantis (1964) . Analytical polyacrylamide disc gel electrophoresis (PAGE) was by the method of Davis (1964) using a 7.5% (w/v) gel with 2.5% (w/v) cross-linker at pH 8.9. SDS-PAGE was done as described by Weber & Osborn (1969) , using 10% gels. The following standards were used to determine subunit size : bovine serum albumin (68000), ovalbumin (45000), chymotrypsinogen (25 000), all from Boehringer, and lysozyme (14400) from Sigma. Reduced and non-reduced samples for SDS-PAGE were prepared as described by Tack et al. (1972) . Amino acid analyses of the purified enzymes were done on samples (1-2 mg protein) which were prepared and analysed as described by Bayly & DiBerardino (1978) ; duplicate analyses were not done. Heat stability and immunological studies were done as described by Bayly & DiBerardino (1978) .
Determination of K,,, values for HODHI and 11 against HOD and 2-hydroxymuconic semialdehyde (HMS) were calculated from Lineweaver-Burk plots. Enzymes were assayed in triplicate at substrate concentrations ranging from 70 to 2 p~ for HOD and from 170 to 3 PM for HMS; at least 15 different concentrations of substrate were used over each range. The relative activity against different substrates was determined at pH 7.6 using substrate concefitrations of approximately 70 PM.
Enzyme assays. All assays for activity of the hydrolases against the rneta-cleavage products of catechol and some of its homologues were done in a final reaction volume of 3 ml and at 23 "C. The reaction mixture contained 33 ~M -K H~P O~ (pH 7.6), approximately 0.2 pmol substrate (prepared as described by Bayly & DiBerardino 1978) , and enzyme. The specific activities were calculated using the molar absorption coefficients reported by Bayly et al. (1966) and Bayly & DiBerardino (1978) . The unit of activity is defined as pmol substrate mind' (mg protein)-'.
Chemicals. 3,4-Dimethylcatechol and 3-isopropylcatechol were gifts from P. J. Chapman and Coalite and Chemical Products, Bolsover, UK, respectively. Catechol, and 3-methyl-and 4-methylcatechol were from Aldrich. All catechols were purified by vacuum sublimation before use.
Purijication of HODHIand HODHII. The procedures used for both enzymes were essentially the same and, with the exception of the last step, differed only in such details as the volume of samples applied to columns, the volume of fractions collected and the flow rate of eluants. All steps were done at 2-4 "C. For HODHI, approximately 500 g wet weight of cells was used to prepare the crude cell extract and, for HODHII, approximately 270 g wet weight of cells was used.
Step I. Cell extracts were brought to either 30% saturation (HODHI) or 20% saturation (HODHII) by the slow addition of solid (NH,),SO, and, after equilibration for 30min, the precipitated protein was removed by centrifugation at 20000 g for 15 min. The supernatant solution was brought to 50% saturation (HODHI) and 40% saturation (HODHII) with (NH4)2S04 and, after equilibration, the precipitate was collected by centrifugation and dissolved in 0.05 M-Tris/HCl buffer, pH 7.8. The solutions were dialysed against the same buffer until free of ammonium ions as shown by testing with Nessler's reagent.
Step 2. The dialysed solutions were applied to DEAE-cellulose columns (5 x 50 cmjwhich had been previously equilibrated with 0-05 M-Tris/HCl, pH 7.8; the protein was eluted with 2 1 of a linear gradient of 0-1.0 M-NaCl in the same buffer. Pooled active enzyme fractions were dialysed against 0.05 M-Tris/HCl, pH 7.8.
Step 3. The dialysed enzyme fractions were applied to DEAE-cellulose columns (2.5 x 30 cm) equilibrated as above and the protein was eluted with 800 ml of a linear gradient of 0-0.5 M-NaC1 in the same buffer.
Step 4. Fractions with activity of at least 20% of that in the most active fraction were pooled, concentrated to 5 ml by ultrafiltration (PM-30 Amicon membrane), applied to a Sephadex G-200 column (2.6 x 60 cm) and eluted with 0.05 M-Tris/HCl, pH 8.2.
Step 5. Pooled fractions, selected as in step 4, were dialysed against 0.5 M-Tris/HCl, pH 8.2, applied to a DEAESepharose column (2.5 x 30 cm) and the protein was eluted with 500 ml of a linear gradient of 0-1-0 M-NaCl in the same buffer.
Step 6. For HODHI, the pooled fractions were concentrated to 5 ml as above, applied to a Sephadex G-150 column (2.6 x 60 cm) previously equilibrated with 0.05 M-Tris/HCl, pH 7-8 and the protein was eluted with the same buffer.
For HODHII, the pooled fractions from step 5 were dialysed against 0.05 M-Tris/HCl, pH 7.5, applied to a DEAE-cellulose column (2.5 x 30 cm) equilibrated with the same buffer and the protein was eluted with a linear gradient of 0-0.3 M-NaCl in the same buffer. Fractions in which the elution profile for protein was coincident with enzyme activity were examined by PAGE and the fractions were pooled and stored at 4 "C. Samples of the pooled fractions to be used for amino acid analysis and for the production of antisera were dialysed to remove salts and then lyophilized. Examinations for substrate specificity, K,,, values, pH optima, inhibition/activation studies, M, and subunit structure were completed within 7 d of step 6.
RESULTS
A summary of the purification procedures and the yields obtained for HODHI and HOD11 is shown in Table 1. PAGE of fraction 86, step 6, which contained the peak activity of HODHI, showed a major and a minor protein band (Fig. 1 a) . A densitometer tracing of this gel showed that the major band constituted about 93 % of the protein. The same pattern was obtained with fractions 78-94 (step 6) and these fractions were pooled. Elution of the protein bands from an unstained gel showed the main band to be active against HOD whereas the minor band was inactive. Sedimentation equilibrium analysis of the pooled fractions showed HODHI to have an M , of 104 x lo3. SDS-PAGE showed a major band corresponding to an M , of 34.4 x lo3, which was unaltered when the protein was reduced with 2-mercaptoethanol before electrophoresis. HODHI therefore appears to be a trimer of subunits of identical size which are not linked by disulphide bonds.
The peak of activity of HODHII was in fraction 63, step 6; PAGE of this fraction showed five protein bands ( Fig. 1 b) ; the same pattern was observed with each of fractions 60-76 from step 6, which were pooled and used for all further procedures.
Segments from each of three unstained gels of fraction 63 were cut out as indicated in Fig.  1 (b) ; the protein was eluted from each segment with 0.1 ml 0.05 M-Tris/HCl, pH 7.5, and assayed against HOD, HMS and 2-hydroxy-5-methylmuconic semialdehyde. The eluate from each segment of gel had relative activities against those substrates in the ratio 100: 14:5, respectively, which is approximately the same as that for fraction 63 before PAGE and also for crude extract of strain 345 grown in the presence of m-toluate (Hughes et al., 19846) . On this basis it seems that none of the protein bands from fraction 63 correspond to HODHI as the ratio of activities of HODHI against the same substrates is quite different (see Table 3 ).
Sedimentation equilibrium analysis showed HODHII to have an M, of 116 x lo3. SDS-PAGE of HODHII showed a single protein band corresponding to an M , of 36.7 x lo3; HODHII therefore appears to be a trimer of identically sized subunits. There was no difference in the electrophoretic mobility of the protein before and after reduction with 2-mercaptoethanol, which indicated that, like those of HODHI, the subunits of HODHII are not linked by disulphide bonds.
Even though multiple bands were obtained from PAGE of HODHII the finding of only a single protein band following SDS-PAGE indicates that HODHII had been purified to homogeneity. It is probable that the multiple bands observed were due to dissociation or aggregation of the protein during electrophoresis, especially as bands eluted from each of the three segments of the gel (Fig lb) all showed the same enzyme activity as the sample before electrophoresis. Keat 8z Hopper (1978) reported a similar observation with p-cresol methylhydroxylase purified from P . putida NCIB 9869, where all three bands obtained on PAGE had enzyme activity. A maleylpyruvate hydrolase purified from P . alcaligenes by Bayly et al. (1980) also behaved similarly.
Immunological speciJicity Antisera prepared against each purified hydrolase were examined by Ouchterlony double diffusion against both purified enzymes. A single precipitin band was formed between each and its homologous antiserum. No precipitin bands were observed when the antiserum to HODHI was tested against purified HODHII (and vice versa) and against each of the purified HOD hydrolases from P . putida NCIB 10015 and NCIB 9865, or against a crude extract of m-toluate- Step 1 grown P. putida mt-2. These results indicated that HODHI shared no common antigenic determinants with either its isofunctional enzyme, HODHII, or the other hydrolases tested.
When the antiserum to HODHII was tested against the purified hydrolase from P. putida NCIB 10015 and a crude extract of m-toluate-grown P. putida mt-2, no precipitin bands were detected. However each of HODHII, the purified hydrolase from P . putida NCIB 9865, and crude extract of m-toluate-grown P. putida mt-2 all gave a line of identity with the antiserum to purified hydrolase of P . putida NCIB 9865.
Amino acid composition
The amino acid compositions of HODHI and HODHII (Table 2) show a high degree of similarity, differing significantly only in the number of valine residues per mole. The low cysteine values in both enzymes are in agreement with the observation that the subunits of these enzymes are not linked by disulphide bonds. The same unidentified amino acid was detected in similar amounts in both hydrolases.
Heat stability and pH optima
Both HODHI and HODHII were similar in their sensitivity to heat. No activity of HODHII was present after treatment for 2 min at 45 "C and HODHI was inactivated after 4 min at the same temperature.
Both enzymes showed maximal activity at pH 8.6 and had a similar profile of activity over the Fig. 1 . Polyacrylamide gel electrophoresis of (a) HODHI and (6) HODHII.
(1) PAGE, (2) SDS-PAGE, non-reduced, (3) SDS-PAGE, reduced. The arrows indicate those segments which were cut out of corresponding unstained gels and whose relative activities were tested against substrates (i)-(iii) listed in Table 3 . * Equivalent to residues per mole of subunit, given to the nearest integer.
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Residues per 37 000 g* 2  28  12  13  25  28  34  16  0  12  32  0  10  0  6  20  16 pH range 54-10.0. In both cases there was a marked decrease in activity above pH 9.0. At pH 7.6, at which assays were routinely done, the activity of HODHI and I1 was about 7 5 4 0 % of that at pH 8.6. Data from Duggleby & Williams (1986) . $ (i)-(v) are the products obtained by the action of catechol 2,3-oxygenase on 3-methylcatechol, catechol, 4-methylcatechol, 3-isopropylcatechol and 3,4-dimethylcatechol respectively.
Kinetic properties
The comparative rates of hydrolysis of the meta-cleavage products of catechol and some alkylsubstituted catechols by HODHI and HODHII, and the K, values of these enzymes, are shown in Table 3 . Relative to HOD (the meta-cleavage product of 3-methylcatechol), HMS was attacked by HODHI at about three times the rate of HODHII. There was a marked difference between the K, of HODHII for the meta-cleavage products of catechol and 3-methylcatechol, whereas, with HODHI, the K,,, values for these substrates were much closer. Significant differences were also found when the rneta-cleavage products of 3-isopropylcatechol and 3,4-dimethylcatechol were used as substrates (Table 3) .
Inhibitionlstimulation of hydrolase activity
The effect of different cations, a chelating agent and a thiol-specific agent on the activity of HODHI and HODHII against HOD was examined after the purified enzymes had been incubated at 20 "C for 30 min with the compounds at a final concentration of 5 mM. Both hydrolases were substantially inactivated (90-100%) by Zn2+ and Cu2+, and HODHI was inactivated to a much greater extent (90%) by p-chloromercuribenzoate than was HODHII (35%). The greater sensitivity of HODHI to the latter reagent may indicate either a greater availability of the thiol groups of the enzyme to react with that compound than is the case with HODHII or that HODHII possesses a relatively labile thiol group that has been modified during the purification processes. The activity of HODHI was decreased by about 50% in the presence of Mn2+ whereas HODHII activity was stimulated to a level about 50% higher when Mn2+ was present. EDTA showed no significant stimulatory or inhibitory effect. No differences in the above results were obtained when the hydrolases were dialysed for 24 h against 0.05 M-Tris/HCl pH 8.0 containing 0.05 M-EDTA before being tested.
DISCUSSION
The two hydrolases, HODHI and HODHII, purified from A . eutrophus strain 345 are similar to one another in several respects, but also show important differences.
HODHI and HODHII have similar M , values and both appear to be trimers whose subunits are of similar size and are not linked by disulphide bonds. They have similar pH profiles, are inactivated by heat at similar temperatures, and their overall amino acid compositions differ significantly only in the larger number of valine residues present in HODHI. Immunodiffusion experiments showed that the two hydrolases are immunologically distinct and they therefore cannot share any common antigenic determinants on their surfaces.
There is, however, a considerable difference in their kinetic properties as shown by the higher catalytic activity and greater K , of HODHI against HMS as compared to HODHII. This is consistent with the report of Hughes et al. (1984a, b) that strain 345 metabolizes phenol exclusively via a hydrolytic cleavage of HMS and not by the action of an aldehyde dehydrogenase as has been shown in some P . putida strains Wigmore et al., 1974) and in A . eutrophus strain 335 (ATCC 17697) (Hughes & Bayly, 1983) .
Some properties of other isofunctional HODHs from three strains of P. putida have been reported. Bayly & DiBerardino (1978) isolated hydrolases from each of P . putida NCIB 10015 and P . putida NCIB 9865, and Duggleby & Williams (1986) purified a hydrolase from P . putida mt-2. The latter authors have made comparisons of some of the properties of the P . putida hydrolases and Table 3 summarizes some properties of the hydrolases now reported from A . eutrophus and those from the P . putida strains. It should be noted that the comparative activities against different substrates in P. putida mt-2 (Table 3) are calculated from V,,, values whereas the remaining data are derived from assays in which the substrate concentrations in some cases may have been below saturation levels. With the exception of the enzyme from P. putida mt-2, M , values of the enzymes are similar and, while the subunit M , values of all five hydrolases lie in the range 25-37 x lo3, the apparent number of subunits varies from two to four.
Marked differences are apparent in the relative activity of the enzymes against the same substrates, which may reflect that the strains have evolved to enhance their catalytic activities towards compounds which they may encounter as metabolites arising from different growth substrates. The high activity of HODHI towards the meta-cleavage product of 3-isopropylcatechol stands out from the other results. This compound, 2-hydroxy-7-methyl-6-oxoocta-2,4-dienoate, would be an intermediate if 3-isopropylbenzene was metabolized via 3-isopropylcatechol as was suggested by Gibson & Subramanian (1984) , but A . eutrophus RA1012 has not been tested for growth on 3-isopropylbenzene. The K,,, values for the hydrolases tested show similar preferential binding capacities for the same substrates except for HODHII to HMS. This compound would not be a metabolite when m-toluate was metabolized by A . eutrophus 345 and hence there would have been no pressure for HODHII to have evolved to attack that compound.
There is some immunological cross-reactivity between the various hydrolases. Duggleby & Williams (1986) reported a cross-reaction between antiserum to the hydrolase from P. putida mt-2 and crude extract of phenol-induced P . putida NCIB 1001 5. In this study, although antisera to HODHII did not react with a crude extract of the rn-toluate-grown P . putida mt-2, both purified HODHII and a crude extract of the latter strain gave a line of identity with antisera to the hydrolase purified from P. putida NCIB 9865.
The comparative information available on the properties of the five HODHs now purified show several points of similarity between the enzymes. However, on the evidence at present available, it is not possible to draw definite conclusions as to their evolutionary relatedness and. as Duggleby & Williams (1986) 
